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Abstract In this study, progradation and the subsequent
retrogradation of a late Paleocene isolated carbonate
platform (Galala Mountains, Eastern Desert, Egypt) is
demonstrated by variations of distinct facies associations
from the platform margin in the north to the hemipelagic
basin in the south. A combination of a sea-level drop and
tectonic uplift at around 59 Ma (calcareous nannofossil
biozone NP5) favored the initiation of the carbonate
platform. From this time onwards, the facies distribution
along the platform–basin transect can be subdivided into
five facies belts comprising nine different facies associ-
ations. Their internal relationships and specific deposi-
tional settings are strongly coupled with the
Maastrichtian–Paleocene seafloor topography, which re-
sulted from local tectonic movements. Patch reefs and
reef debris were deposited at the platform margin and the
horizontally bedded limestones on the upper slope.
Slumps and debris flows were stored on the lower slope.
In the subhorizontal toe-of-slope facies belt, mass-flow
deposits pass into calciturbidites. Further southwards in
the basin, only hemipelagic marls were deposited.
Between 59 and 56.2 Ma (NP5–NP8), the overall
carbonate platform system prograded in several pulses.
Distinct changes in facies associations from 56.2 to
55.5 Ma (NP9) resulted from rotational block movements.
They led to increased subsidence at the platform margin
and a coeval uplift in the toe-of-slope areas. This resulted
in the retrogradation of the carbonate platform. Further-
more the patch-reef and reef-debris facies associations
were substituted by the larger foraminifera shoal associ-
ation. The retrogradation is also documented by a
significant decrease in slump and debris-flow deposits
on the slope and calciturbidites at the toe of slope.
Keywords Egypt · Paleocene · Tectonics · Carbonate
slope deposits · Mass-flow deposits
Introduction
In recent years, slope processes of rimmed carbonate
platforms have been studied intensively. Various studies
focused on the overall geometry of seismic sections of the
slopes regardless of the biotic content. They subdivided
their profiles into linear, exponential and sigmoidal slope
profiles, generally concluding that most slope profiles
have a sigmoidal slope curvature (Adams et al. 1998;
Adams and Schlager 2000). A genetic approach to
classifying carbonate margins was presented by Pomar
(2001). This genetic approach considers the variability of
depositional profiles, from rimmed carbonate platforms to
homoclinal ramps, as a function of the type of sediment,
especially in terms of bioclast contribution to the
sediment, the location of sediment production, and the
hydraulic energy. Drzewiecki and Sim (2002) and
Scheibner et al. (2000) concentrated on the depositional
processes and triggering mechanisms of debris flows
whilst Kenter and Schlager (1989), and Kenter (1990)
focused on the relationship between sediment composi-
tion and angle of repose. Others, e.g., Kenter and
Campbell (1991), have described the facies distribution
along a rimmed platform margin for the early Jurassic
(High Atlas, Morocco). Toe-of-slope geometries were
described by Bosellini (1984), Stafleu and Schlager
(1995), and recently by Blomeier and Reijmer (2002),
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whilst Keim and Schlager (1999) and Blendinger (2001)
concentrated on the production potential of carbonate
slopes, as well as the role of microbial processes in
stabilizing upper slope environments.
A summary of recent literature on the factors control-
ling progradational and retrogradational patterns of car-
bonate platforms is given in Reijmer (1998). The most
important factor controlling stratal patterns and facies
variations on platforms, is the available accommodation
space that in turn is dependent on, e.g., the platform
configuration, basin depth and eustatic sea-level varia-
tions. Oscillating sea level may not always be the cause of
variations in stacking patterns in carbonate platforms as
climatic factors, changing transport rate, and productivity
are also capable of producing similar stacking patterns
(Burgess 2001). Additional factors controlling the evolu-
tion of a platform margin are tectonics (Read 1985).
Slope processes and slope facies studied in tectonic-
influenced environments may be dominated by seismites
(Plaziat and Purser 1998; Purser and Plaziat 1998),
whereas Beattie and Dade (1996) suggest that the rate of
turbidite emplacement may be used as important con-
straints on paleoseismicity. Research on turbidite em-
placement in the Horseshoe abyssal plain (Iberian
margin), however, showed the low impact of tectonic
activity on turbidite initiation (Lebreiro et al. 1997)
because one of the largest earthquakes recorded in human
history (Lisbon in 1755) only resulted in the production of
a thin turbidite layer. In addition, the timing of turbidite
emplacement around Pedro Bank (Caribbean) suggests
that loading and reloading processes of upper-slope
sediments during transgressions and regressions may be
another triggering mechanism for gravity flows other than
tectonic activity (Andresen et al. 2003). The two factors
responsible for initiation of mass transports are strength
reduction and stress increase, which can be changed by
sedimentary loading, pressure from surface waves during
storms, sea-level changes, pore-gas generation, localized
seafloor erosion and tectonics (Prior and Coleman 1984).
In the study area of the Southern Galala (Gulf of Suez,
Egypt; Fig. 1), large masses of shallow-marine sediments
(siliciclastic marls and limestones) were shed from the
Northern Galala/Wadi Araba High southwards during the
late Campanian–Maastrichtian. These sediments accumu-
lated on the slope of a carbonate platform, as can be found
within a narrow belt at the northern rim of the Southern
Galala (sections A1 and A5 around St. Anthony; Fig. 1).
The late Cretaceous units further north were subsequently
eroded, hampering the reconstruction of the type of
platform that existed in this time period. Calculations of
slope angles suggest it was a rimmed platform (Scheibner
et al. 2001b, 2003). Further south (sections S1–9 around
St. Paul, Fig. 1) basinal chalks prevail (Scheibner et al.
2001a). Due to the southward progradation of the
carbonate platform and the better exposure of this
platform, subsequent Paleogene deposits have a much
wider aerial distribution than their upper Cretaceous
counterparts (Kuss et al. 2000b, Scheibner et al. 2001a).
Based on the observed broad depositional belt of Pale-
ocene slope deposits, a gentler inclined slope can be
assumed for the late Paleocene (Kulbrok 1996; Kuss et al.
2000b). A segment of this belt was investigated in the
vicinity of St. Paul (section S1–8; Fig. 1). It shows a
continuous 360-m-wide outcrop of mass-flow deposits
(Scheibner et al. 2000), in which the internal lateral
transitions of the different types of mass-flow deposits
were studied (approximately perpendicular to the former
transport direction). Scheibner et al. (2000) postulated
several progradational phases for the late Paleocene,
starting at 59 Ma, due to existence of different generations
of mass-flow deposits. Microfacies analysis of the debris
flows provided evidence for a change in their origin from
a more distal setting to a more proximal setting. This
change is associated with a change in biota distribution.
While coralline red algae prevailed in the Selandian–
Thanetian debris flows, nummulitids (Miscellanea spp.,
Ranikothalia spp., and Operculina spp.) dominated the
late Thanetian deposits.
In this paper, we demonstrate the role of tectonic
processes on the distribution and development of facies
associations and facies belts along a 30-km-long Pale-
ocene carbonate platform-to-basin-transition in the Galala
Mountains, Egypt. These processes also controlled the
Paleocene evolution from a progradational to a retrogra-
dational platform margin.
Material and methods
The study area extends from the northern rim of the
Southern Galala Mountains (western side of the Gulf of
Suez) approximately 30 km southwards to the Bir Dakhl
area (Fig. 1). Twenty-one Paleogene sections were
investigated in detail (Fig. 1). Eight of these sections
were selected for lithostratigraphic correlation along a
transect from the platform in the north to the basin in the
south (Fig. 2). Section A5 is located at the northern rim of
the Southern Galala, and sections K3 and K2 are located
in the northern part of Wadi Askhar that runs perpendic-
ular to the strike of the former platform. Sections D5, D6,
D2 and D4 lie south of the Southern Galala. The other
thirteen sections (B2, B3, A1, A1b, K4, K5, S9, S1–8, D7,
D8, D3, T1, T2) provide additional biostratigraphic and
paleoenvironmental information. Some of these sections
(A1, S9, S1–8, D3, T1 and T2) have been described in
detail in Scheibner et al. (2000, 2001a, 2001b).
Thin-section studies of Paleocene–lower Eocene lime-
stones are complemented by investigations on washed
residues of marl samples. Sample spacing varied through-
out the individual sections from 30 to 100 cm within
shaley and marly sediments (Fig. 2), to 50 cm to 5 m in
more calcareous and chalky sediments. Calcareous
nannoplankton and planktic foraminifera provided the
biostratigraphic framework.
The natural g-ray values of each carbonate bed of the
vertical sections were measured (Geometrix Exploranium
GR-410/GPX-21; 2 min measuring time). It provided an
additional tool for tracing the different sediment packages
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along the platform-to-basin transect, e.g., the Maas-
trichtian–lower Paleocene sediments on the slope sec-
tions. These slope sediments are characterized by high
phosphatic content and thus, high g-ray values. Two
synthetic g-ray plots are plotted for the proximal and
distal parts of the platform (Fig. 3).
Geological setting
General
The Galala Mountains in the Eastern Desert west of the
Gulf of Suez, represent a southern branch of the Syrian
Arc fold belt, called the Northern Galala/Wadi Araba
High (NGWA; Kuss et al. 2000b; Fig. 1, lower inset). The
Syrian Arc System was formed during the collision
between the African and European plates, starting in early
Turonian times. A dextral transpressive reactivating of
Mesozoic half-grabens resulted in a series of inverted,
uplifted and folded grabens (e.g., Moustafa and Khalil
1995). The NGWA High is separated by east–northeast-
trending faults (Bandel and Kuss 1987) that run perpen-
dicular to the younger Gulf of Suez faults, which resulted
from the Miocene opening of the Gulf. Hussein and Abd-
Allah (2001) interpreted the NGWA High as an over-
turned anticline. The most prominent fault in this area is
the Wadi Araba fault at the northern rim of the Southern
Galala (Schtz 1994; Fig. 1, upper inset).
On the NGWA High a mixed carbonate platform
evolved during the late Campanian to Eocene. Similar to
other Syrian Arc Highs on the Sinai Peninsula, the Galala
mountain range strikes in WSW–ENE direction (Kuss et
al. 2000a). The investigated sections follow a paleogeo-
Fig. 1 Satellite image of the
Paleocene sections in the
Southern Galala Mountains,
Eastern Desert, Egypt. Lower
inset: Syrian arc structures in
Egypt, Sinai and Israel. Upper
inset: The Galala Mountains on
the western side of the Gulf of
Suez. The Northern Galala and
the Southern Galala are divided
by the Wadi Araba. Sections T1
and T2 of Fig. 3 lie south of the
area that is covered by the
satellite image (rectangle). The
strike directions of the Wadi
Araba Fault (related to Meso-
zoic–Paleogene tectonics) and
the Gulf of Suez Faults (related
to the Miocene opening of the
Gulf) lie perpendicular to each
other. Satellite image courtesy
of http://zulu.ssc.nasa.gov/
mrsid/
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Fig. 2 Lithostratigraphic correlation and distribution of facies
associations along the platform-basin transect. The profiles are
projected onto a profile line orientated perpendicular to the former
strike of the carbonate platform (see inset). The siliciclastic facies
association is not shown because of its limited occurrence
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graphical transect running perpendicular to the former
strike, ranging from the platform in the north to the basin
in the south (Figs. 2 and 3).
Paleoenvironment and lithostratigraphy
The late Campanian–early Eocene paleogeographic set-
ting of the Galala area can be subdivided into three
different areas (Scheibner et al. 2001a). The northern
realm is characterized by erosion or non-deposition
resulting mostly from the uplift of the northern Galala/
Wadi Araba High (NGWA High). Shallow-marine car-
bonate platform and slope deposits of the late Campani-
an–Maastrichtian, and the Paleocene–lower Eocene
represent the second area and occur north and south of
the NGWA High. The southern and third area consists of
Campanian–Maastrichtian basinal chalks and Paleocene–
lower Eocene marls and shales (Scheibner et al. 2001a).
The distribution and lateral facies changes between these
three areas reflect changing basin morphology and
progradation of the carbonate platform triggered by sea-
level changes and tectonic processes (Scheibner et al.
2001a).
Shallow-marine carbonates and siliciclastics of the St.
Anthony Formation were deposited during the late
Campanian to Paleocene and are only exposed in a
narrow east–west trending belt at the northern rim of the
Southern Galala (Scheibner et al. 2001a, 2001b; Fig. 3).
Basinal sediments of the Sudr Formation accumulated
contemporaneously 14 km to the south at St. Paul (Fig. 3).
The lateral transition between the shallow-marine St.
Anthony Formation and the basinal Sudr Formation is not
exposed. In contrast, the interfingering between Pale-
ocene–lower Eocene shallow-marine limestones of the
Southern Galala Formation and deeper marine deposits of
the basinal Dakhla and Esna Formations are well-exposed
near Bir Dakhl (D2, D3, D4, D5, D6 and D8; Figs. 1, 2,
3). The five facies belts incorporated in the Paleocene–
Eocene formations are all clearly separated laterally, and
Fig. 3 Biostratigraphy, litholo-
gy and formations of Maas-
trichtian–Eocene sections from
the Eastern Desert, Egypt. The
biozonations of planktic fora-
minifera (P zones), calcareous
nannoplankton (NP zones for
Paleogene and CC zones for
Maastrichtian) and shallow
benthic foraminifera (SBZ) are
listed. The SBZ is slightly
modified (termination of SBZ4
is contemporaneously with the
Paleocene/Eocene boundary).
The gray band reflects the cur-
rent opinion on the position of
the Thanetian–Ypresian bound-
ary (Berggren et al. 1995). The
sections are mainly oriented N–
S with the exception of sections
Wadi B2 and Wadi B3. The 2D
profile on the top shows the
paleogeographic position and
facies belt of each individual
section. Sections T1 and T2
represent the basin facies belt
and are taken from Scheibner et
al. (2001a). Two synthetic g-ray
profiles are shown for the
proximal and distal areas
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gradual transitions were found in the field from the lower
slope to toe-of-slope to the basin facies belts. No distinct
marker beds or erosional surfaces were found along the
entire transect. The biostratigraphic correlation from
platform margin to toe-of-slope is based on larger
foraminifera and calcareous nannoplankton. Additional
data came from g-ray profiles and the varying biotic
composition of the facies belts. For example, it is possible
to correlate platform margin deposits with lower slope
deposits by the abundance of corals that are present only
in the older deposits of the Southern Galala Formation
(Fig. 3).
The chalky and marly sediments of the basin facies
belt yield rich and diverse planktonic and benthic
foraminiferal assemblages. The former indicate open
marine conditions and good connections to the Tethys
ocean (Scheibner et al. 2003). Analysis of the latter is
widely used as a powerful tool to estimate depositional
depths (e.g., Culver 1993). In sections D6 and D8, we
observed a middle Thanetian (57.5–56.2 Ma; NP7/8)
benthic assemblage consisting of a mixture of Midway
and Velasco-type taxa (e.g., Speijer 1994) indicating
depositional depths of about 400–500 m. Upper Thanetian
(56.2–55.5 Ma; NP9) benthic assemblages entirely com-
posed of Midway-type taxa, as also observed in the
southern Nile valley (Speijer and Schmitz 1998), indicate
shallower depositional depths of about 200 m. For a more
detailed description of the lithostratigraphic units, forma-
tions and paleogeography the reader is referred to
Scheibner et al. (2001a, 2003).
Maastrichtian to Paleocene slope evolution
Calculated slope geometries for the Maastrichtian (69.4–
67.2 Ma) asymmetrical carbonate platform margin of the
Southern Galala are based on the initial structural
topography, sedimentary patterns, and paleobathymetric
calculations using smaller benthic foraminifera and
thickness variations of the rock units (Scheibner et al.
2001b). These tools form the base for paleobathymetric
calculations for the individual sections of the slope and
basin. In combination with simple trigonometry, the angle
of repose was calculated using different models (Scheib-
ner et al. 2001b). A model with an asymmetrical platform
margin was chosen because it fits best with the geological
data. The asymmetrical platform margin comprises a
rimmed platform in the southeast and a ramp in the
southwest. The rimmed platform can be subdivided into a
gentle upper slope (<1) and a steep lower slope (5–8).
On the ramp, the angle of repose is less than 0.1
(Scheibner et al. 2001b). The relatively steep, lower slope
system of the rimmed platform strikes in an ENE–WSW
direction and forms a narrow belt of Campanian to
Maastrichtian carbonate platform-slope sediments. The
rimmed platform persists until at least the Selandian
(59 Ma, Berggren et al. 1995), and is documented by
relatively high slope angles of 6 (Scheibner et al. 2003).
Biostratigraphy
The biostratigraphic scheme uses the nannoplankton
biozonation (NP-Zones) of Martini (1971), planktic
foraminifera biozones of Berggren et al. (P-Zones;
1995, 2000); and shallow benthic foraminifera biozones
(SBZ) of Serra-Kiel et al. (1998; Fig. 3). The absolute
time scale is adopted from Berggren et al. (1995). The
studied Paleocene sediments range in age from 65–
55.5 Ma (NP1–NP9; SBZ1–SBZ4). The main study
interval starts at 59 Ma (within the upper part of NP5;
SBZ3–SBZ4). The Paleocene–Eocene boundary is locat-
ed in our study at 55.5 Ma (within biozone NP9 and
between SBZ4 and SBZ5). Detailed biostratigraphic and
paleoenvironmental information on the calcareous nanno-
plankton and planktic foraminifera can be found in Fig. 3
as well as in Scheibner et al. (2001a) and Marzouk and
Scheibner (2003).
Facies belts and facies associations
The following five Paleocene facies belts can be distin-
guished (Fig. 3): (1) platform margin, (2) upper slope, (3)
lower slope, (4) toe of slope, and (5) basin. They reflect
an overall paleobathymetric trend from the platform in the
north to the basin in the south and are composed of nine
facies associations. These facies associations comprise
different microfacies types with a genetic relationship. In
this study we focus on this genetic relationship and refrain
from listing all individual microfacies types. So, the five
facies belts are comprised of the following nine facies
associations that can be subdivided into five autochtho-
nous subgroups: (1) patch reef, (2) upper slope, (3) larger
foraminifera shoal, (4) phosphatic marl, (5) and
hemipelagic marl; and four allochthonous subgroups:
(1) siliciclastic, (2) reef debris, (3) debris flow, and (4)
calciturbidite.
Autochthonous facies associations
Patch-reef association
The patch-reef association (Figs. 4, 5a, b) consists of an
autochthonous and a parautochthonous facies. Both facies
types crop out at the northern rim of the Southern Galala
(St. Anthony area; Fig. 1), in the northern parts of the
Wadi Askhar (sections K2, K3 and K5; Fig. 1) and in
sections B2 and B3 (Fig. 1). In the St. Anthony area, the
individual patch reefs form up to 25-m-high, lenticular-
shaped massive carbonate bodies in which the different
generations of partially overlapping patch reefs that form
nearly vertical cliffs in the recent topography, can be
identified. Reef debris, debris flows and planar-bedded
sediments are intercalated with the individual patch reefs.
In contrast to allochthonous facies associations, 7 and 8
described later have been transported across large
distances. The parautochthonous sediments in Fig. 4 are
629
more or less reworked at the site of their original
deposition. About 7 km southwards in the Wadi Askhar
(section K3; Fig. 5a) the multiple upper Paleocene patch-
reef occurrences with heights of 25 m are reduced to a
single patch-reef unit growing on top of a massive reef-
debris bed.
The massive patch reefs show no internal stratification
and are often strongly diagenetically altered, sometimes
even into pure white dolomitic chalks in which no
allochems are identifiable in outcrop. In the thin section,
remnants of corals are visible. In the case of dolomiti-
zation, these chalks can be attributed to the patch-reef
association only by their external lenticular shape and
their massive appearance. Dendroid, meandroid and
cerioid corals are the dominant components of this facies
association (Fig. 5b). In the autochthonous parts of the
bioherms, the dendroid corals are enclosed in a micritic
matrix. Other components include encrusting coralline
red algae such as Archeolithothamnium spp. or Polystrata
alba and gastropods.
The parautochthonous parts of the patch reefs are also
deposited in the lenticular shaped bodies and are domi-
nated by fragments or broken corals. Additional, rare
larger foraminifera such as Discocyclina spp. or rotaliids
occur in the parautochthonous parts. Glomalveolina spp.
is found only in the uppermost parts of the patch reefs.
Non-skeletal grains present in the parautochthonous parts
include intraclasts and peloids whilst quartz grains and
planktic foraminifera are absent. The patch-reef associa-
tion is characteristic in the older deposits in the platform
margin facies belt.
Upper slope association
The upper slope association (Figs. 4, 5a) can be subdi-
vided into two subgroups and occurs in sections B2 and
Fig. 4 Facies distribution along
the platform-basin transect. The
basin facies belt is not repre-
sented because it lies south of
the toe-of-slope facies belt. The
siliciclastic facies association is
not shown because of its limited
occurrence throughout the tran-
sect. Two different platform
basin transitions are indicated:
one for the Maastrichtian–upper
Paleocene and a second for the
upper Paleocene. Below The
distribution of selected compo-
nents and lithologies for the
Paleocene is shown
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B3, and in the St. Anthony and Wadi Askhar areas
(Fig. 1). Both subgroups consist of decimeter to meter-
thick bedded carbonates, which show very little diage-
netic alteration. In the first subgroup, the larger
foraminifera Miscellanea spp. and coralline red algae
form the dominant components with minor Glomalveoli-
na spp., Discocyclina spp., Ranikothalia spp., corals and
encrusting organisms plus rare to abundant quartz grains.
The second subgroup consists predominantly of mud-
stone, with rare benthic and planktonic foraminifera. This
facies association is deposited at the upper slope facies
belt.
Larger foraminifera shoal association
The larger foraminifera shoal association (Fig. 4), is
present only at section A5 (Fig. 1). It consists of up to 5-
m-thick intervals with dm-thick layered limestones and
contains predominantly larger foraminifera belonging to
one genus or even one species. These shoals are built of
Miscellanea sp. or Operculina sp. deposited in a micritic
to sparitic matrix. Other components are coralline red
algae, Glomalveolina spp. and Discocyclina spp. The
larger foraminifera shoal association is characteristic for
the younger deposits in the platform margin facies belt.
Fig. 5 Facies associations in outcrop. A Section K3 a phosphatic
marl facies association of the Maastrichtian and Paleocene (mostly
covered by recent debris), b massive-bedded limestones of the reef-
debris facies association, c massive lenticular shaped coral patch
reef, d thin-bedded limestones of the upper slope facies association.
B Dendroid coral from the patch-reef association in section B2. C
Reef-debris facies association in section K2. D Slump and debris-
flow facies association (section D5), a recent debris, b hemipelagic
marls, c debris flows, d massive slumps to debris flows. E
Calciturbidites intercalated with hemipelagic marls, arrow indi-
cates person for scale (section D2)
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Phosphatic marl association
The phosphatic marl association (Fig. 4), can be found in
the northern part of the study area, from sections B2 and
B3 to St. Anthony and Wadi Askhar (Fig. 1). It is
restricted to the deposits below the patch-reef and reef-
debris association. They comprise siliciclastic marls with
a high phosphate content reaching their highest levels just
below the base of the overlying patch-reefs or reef-debris
units (Fig. 4). Abundant shark teeth, small solitary corals
and mollusks occur in the upper part of this association.
Planktic foraminifera and calcareous nannofossils are
common within these sediments but usually are poorly
preserved hampering the biostratigraphic resolution in
comparison to the marls of the age-equivalent hemipelag-
ic facies association. The phosphatic marls accumulated
in the upper slope facies belt in the early to late
Paleocene.
Hemipelagic association
The hemipelagic facies association (Fig. 4) characterizes
the southern areas, e.g., around Bir Dakhl, where it was
either deposited undisturbed in the lower Paleocene or is
intercalated with calciturbidites (sections D8, D6, D2, D3,
D4; Fig. 5e) or debris flows in the upper Paleocene (lower
part of section D5; Fig. 5d). South of this area (sections
T1 and T2; Fig. 1; Scheibner et al. 2001a) hemipelagic
sediments were deposited throughout the entire Paleocene
without intercalations of calciturbidites. This facies
association comprises gray-green shaley marls with
abundant moderate–well-preserved planktonic and small-
er benthic foraminifera and calcareous nannofossils. This
facies association is deposited from the lower slope to the
basin facies belts.
Allochthonous facies associations
Siliciclastic association
Siliciclastic units are restricted to two isolated occur-
rences within sections S1–8 (Scheibner et al. 2000) and
A5 (Fig. 1). In section S1–8, fine-grained quartzose
sandstones with a micritic matrix occur as sheet-like
bodies. They resulted from downslope transport via
submarine canyons or channels (Scheibner et al. 2000).
In section A5 (20–25 m) located north of section S1–8
(Fig. 1), the sandstones are coarser grained and accumu-
lated in two lenticular-shaped bodies up to 1.5 m high and
3 m wide which, based on their larger grain size, are
interpreted to be deposited in the more proximal part of a
submarine canyon or channel. The siliciclastic association
is found in the platform margin and in the debris-flow
facies belts. Individual siliciclastic grains were deposited
in all facies belts. Because of the rare occurrence of the
siliciclastic facies association, it is not illustrated in any of
the figures.
Reef-debris association
The reef-debris association (Figs. 4, 5a, c) is found close
to the patch-reef association. Sections K2 and K3 in the
Wadi Askhar provide the best examples of this facies
association (Figs. 1, 5a, c). In contrast to the lenticular
bodies of the patch-reef association, the reef-debris
association is deposited as massive, up to 15-m-thick
bedded limestones. These massive limestones comprise
dm-sized clasts with partly sutured contacts or even
stylolitic boundaries (Fig. 5c) and show only minor
diagenetic alteration. Dendroid, meandroid and cerioid
coral fragments, coralline red algae, Polystrata alba,
echinoderms, gastropods, Discocyclina spp., Miscellanea
spp., rotaliids, rare planktic foraminifera and in the upper
parts also Glomalveolina spp. is present. Non-skeletal
components include intraclasts, peloids and rare quartz
grains. Reef debris has accumulated within the platform
margin to the upper-slope facies belts.
Debris-flow association
The debris-flow association (Figs. 4, 5d) is exposed in
sections B2, B3, the St. Anthony and Wadi Askhar areas
and the northern part of the Bir Dakhl area (sections D5
and D8; Fig. 1). The debris-flow facies association shows
the widest range of sedimentological structures and
lithofacies with multiple transitions between glides,
slumps, and debris flows, mainly comprising carbonates
with only minor quartz. The debris flows vary in size and
shape in both a vertical and horizontal sense, with
thicknesses ranging from 0.5 to 7 m and width ranging
from 10 to 50 m. The debris flows have a classical convex
upward shape with onlapping sediments, or are distributed
sheetlike or even have a convex downward shape as if
they had been deposited in singular channels. These mass-
transported deposits are described in greater detail in
Scheibner et al. (2000), who describes a 370-m-wide
outcrop that contains all the previous mentioned sedi-
mentological structures (St. Paul S1–9; Fig. 1). The debris
flows contain different types of clasts ranging in size from
1 to 50 cm. With the exception of the hemipelagic facies
association, debris of all other facies associations is
present within the debris-flow association. Clasts of
different associations do not occur together but are
restricted to individual debris-flow units, reflecting the
precise origin of that particular unit. The debris-flow
association is characteristic of the lower slope facies belt.
Calciturbidite association
The main outcrops of the calciturbidite association
(Figs. 4, 5e) are located in the southern Bir Dakhl area
(sections D6, D2, D4, and D3; Fig. 1). Some 20 km
further southwest of D3 in section T2 (Fig. 1; upper
inlay), the calciturbidites are absent (Scheibner et al.
2001a). To the north the calciturbidite association
632
interfingers with the debris-flow association. The calci-
turbidites facies association is composed of alternating
limestones (up to 1 m thick) with abundant chert layers or
nodules and shaley marls (up to 0.7 m thick), forming the
normal hemipelagic background sedimentation. The cal-
citurbidites form cliffs in the recent topography that
separate the hemipelagic sediments of the underlying
Dakhla Formation from the overlying Esna Formation. In
section D2 the calciturbidites show abundant bioturbation
including Zoophycos and Thalassinoides (Scheibner et al.
2001a). The bottom surfaces of some calciturbidites show
flute casts and load casts. Most of the turbidites show
fining upward trends. The calciturbidites comprise grain-
stones to packstones, wackestones and even mudstones
with a broad variety of allochems. Some of the packstones
and grainstones show sutured contacts between individual
clasts and/or dissolution seams. The main bioclastic
components are larger foraminifera, including Discocy-
clina spp., Assilina spp. and Miscellanea spp., coralline
red algae, bryozoa and echinoderms. Some of the
calciturbidites contain abundant well-preserved planktic
foraminifera, whilst quartz grains are common to abun-
dant in others. Other non-skeletal components include
glauconite, phosphate, chert, intraclasts and rare peloids.
Shallow-marine components such as corals and alveolin-
ids, are very rare to absent. Calciturbidites are deposited
in the toe-of-slope facies belt.
Stages of platform evolution
In this chapter the five different stages (A-E; Figs. 2, 3
and 6) of the Maastrichtian–Paleocene platform evolution
are described. In the toe-of-slope to basin facies belts the
biostratigraphic resolution is well-constrained by calcar-
eous nannoplankton, whilst for the upper slope and
platform margin the biostratigraphic resolution with
larger foraminifera is less certain because of their less
common occurrences. Fig. 3 summarizes the biostrati-
graphic information for all sections.
Stages A, B: hemipelagic to slope sedimentation
During stages A and B (Maastrichtian to late Paleocene/
59 Ma, NP5; Fig. 6a, b), the platform margin was
stationary. The main differences between both stages are
different rates in sedimentation. During stage A sedimen-
tation, rates show the greatest variability with values
ranging from 2.1 to 432 mm/ka while during stage B the
sedimentation rates range from 0.3 to 16.1 mm/ka
(Scheibner et al. 2003).
The Maastrichtian deposits of the study area can be
subdivided into basinal chalks, present in the Bir Dakhl
and St. Paul areas, and siliciclastic marls and limestones
of the platform slope located in sections B2 and B3, and
the St. Anthony and Wadi Askhar areas in the north (stage
A). Near the Cretaceous/Paleogene boundary (K/P) the
basinal chalks were replaced by green-gray shaley marls,
whilst on the platform slope area, Maastrichtian silici-
clastic marls continue into the Paleocene (Fig. 7). The
high-phosphate content (indicated by high total g-ray
counts of 20 cps) of the Maastrichtian platform slope
sediments increased in the Paleocene (stage B) reaching
values of 50 cps just below the base of the massive
limestones, comprising reef debris and/or patch reefs
(Fig. 3). Shark teeth and small phosphatic concretions
have been found in this upper part. Just below the coral
patch reefs of stage C, thin (max. 0.5 m thick) siliciclastic
and phosphate-rich debris flows were deposited in the
northern areas (sections A1, K2), whereas thin calcitur-
bidites accumulated in the southern areas (section D2).
The initial mass-flow deposits mainly contain abundant
quartz, coralline red algae, Miscellanea spp., intraclasts
and phosphate. Corals have not been found.
Stage C: first progradational phase
After the deposition of the initial debris flows, prograda-
tion of the margin initiated in stage C (late Paleocene/59–
57.5 Ma, NP5–NP6; Fig. 6c), and coral patch reefs
formed in the north (St. Anthony area) while at the same
time, thick massive beds of reef debris accumulated
further south in the Wadi Askhar area (sections K2 and
K3; Figs. 1, 2, 7). In section D5 the first debris flows
containing corals were deposited during this phase
intercalated with hemipelagic marls. In the most southern
situated areas, calciturbidites occur interbedded with
hemipelagic marls (sections D2 and D3).
Stage D: second progradational phase
At the northern rim of the Southern Galala (St. Anthony
area), several generations of partially overlapping patch
reefs with an individual height of about 25 m can be
identified in stage D (late Paleocene/57.5–56.2 Ma, NP7–
8; Fig. 6d), whereas about 7 km southwards (section K3)
they are reduced to a single patch-reef generation of a
similar height (Fig. 5a) growing on top of the previous-de-
posited massive reef-debris units (Figs. 2, 4, 5a). These
patch reefs were morphological highs extending several
meters above the seafloor with sediments onlapping them,
as can be observed in section K3b (Fig. 5a). Between these
patch reefs, limestones of the upper slope association were
deposited (section K3c). Parallel to the area of patch-reef
growth, a southward directed debris apron can be found
(section K2), whilst in section D5 massive up to 15-m-high
slumps to debris flows are deposited (Fig. 2). Further south,
massive calciturbidites with coarse-grained components
were deposited simultaneously in facies dominated by
hemipelagic sediments (sections D6, D8, D2, D3 and D4).
The smaller benthic foraminifera found in these hemipelag-
ic sediments evidence a depositional depth of about 400–
500 m. Abundant chert layers and nodules occur in the
calciturbidites (Fig. 2). A similar but weaker siliceous
overprint is visible in the debris flows of section D5.
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Stage E: retrogradational phase
At this time (stage E: retrogradational phase; latest
Paleocene/56.2–55.5 Ma, NP9; Fig. 6e) the limestones
of the upper slope facies association covered the patch
reefs and reef debris in the northern areas (section A5, K3
and K2; Figs. 4, 7), indicating a retrogradational episode
of the margin. In section D5, the mass-flow deposits
changed from debris flows to slumps (Fig. 2), while in the
southern areas the particle size within the individual
Fig. 6 Evolution of the Pale-
ocene carbonate platform of the
southern Galala. The siliciclas-
tic facies association is not
shown because of its limited
extent
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calciturbidites decreased. The content of these calcitur-
bidites changed to a dominance of planktic foraminifera
with only rare shallow-marine components (sections D2,
D3 and D4). During this interval the sandstone facies
association was deposited in section A5. This latest phase
in platform evolution is characterized by increased
sedimentation up to 80 m in the platform margin to
upper slope facies belt (sections A5, K3b). In contrast
only 15 m of hemipelagic sediments and calciturbidites
are deposited in the lower slope to toe-of-slope facies belt
(sections D5, D8, D6). The smaller benthic foraminifera
found in sections D6 and D8 indicate a depositional depth
of about 200 m. In the most proximal section A5, deposits
of the larger foraminiferal shoal association occur inter-
calated between sediments of the upper-slope facies
association, whereas section K3b is characterized by the
monotonous upper-slope facies association.
Discussion
Evolution of the carbonate platform
Stages A, B: hemipelagic to slope sedimentation
The enrichment in phosphate (Maastrichtian–late Pale-
ocene/59 Ma, NP5; Fig. 6a, b) is due to reworking or
eutrophication (e.g., Kennett 1992) related to local
upwelling, which was present from the Maastrichtian
onwards and increased during the late Paleocene.
The mixture of skeletal and non-skeletal debris in the
initial late Paleocene debris flows probably resulted from
lowered relative sea-level during which organisms from
the exposed platform (lying in the areas of today Wadi
Araba) were shed and mixed with reworked particles from
the platform margin/platform slope. Due to reworking of
the underlying phosphatic siliciclastic marls, these cal-
careous mass-flow deposits show higher than normal total
g-ray counts (10–15 cps in contrast to 5–8 cps).
Fig. 7 Paleogeographic maps
for three distinct calcareous
nannofossil zonations during
the Paleocene. 65–59 Ma cor-
relates approximately with
NP1–NP5 and SBZ1–2. 59–
56.2 Ma correlates approxi-
mately with NP5–NP7/8 and
SBZ3. 56.2–55.5 Ma correlates
approximately with NP9 and
SBZ4. For detailed correlations
see Fig. 3. The basin facies belt
is not represented in the two
younger plots because it occurs
south of the toe-of-slope facies
belt
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Stage C: first progradational phase
It remains unclear whether the coral patch reefs in the
study area during stage C (late Paleocene/59–57.5 Ma;
NP5–NP6; Fig. 6c) shifted southwards due to a relative
sea-level fall or they were a new facies association at the
platform margin in the region. It may be impossible to
solve this question since erosion has removed most of the
Mesozoic and Cenozoic sediments north of the studied
patch reefs (area of today’s Wadi Araba).
Previous studies (Kulbrok 1996; Gietl 1998; Scheibner
et al. 2000) suggested the existence of coral patch reefs in
the late Paleocene, because of the presence of coral debris
in the sediments of the Southern Galala, but did not
present evidence for the existence of in-situ patch reefs.
Reefs debris was transported southwards as semilithi-
fied clasts. Because of the low upper-slope inclination
angle of less than 1 (Scheibner et al. 2001b) on which the
patch reefs grew, no high-speed debris-flow deposits were
initiated and the sediments moved downslope by gradual
creep. Under normal depositional conditions, this type of
coarse-grained sediment would not be transported, as it
was deposited below the critical angle of repose for such
sediments (Kenter and Schlager 1989; Kenter 1990) and
should therefore be regarded as stable. A possible
mechanism for transporting sediments on a slope with
an angle of repose below the critical threshold angle could
be through tectonic activity. According to Strougo (1986),
the late Paleocene was a time of increasing tectonic
activity in Egypt. The relative sea-level fall that initiated
the progradation of the platform was probably caused by a
combination of tectonic activity (uplift of the Northern
Galala/Wadi Araba High; Kuss et al. 2000b) and a
eustatic sea-level fall during the Selandian of approxi-
mately 100 m (sequence TA 2.1 of Haq et al. 1987 and
Hardenbol et al. 1998). The deposition of slumps and
debris flows started south of the former shelf break where
the slope reaches inclinations of about 5–8 (Scheibner et
al. 2001a). In the subhorizontal toe-of-slope areas the
angles were too low to support further transport of the
debris flows and they came to an abrupt stop (Middleton
and Hampton 1976; Einsele 2000). On their way downs-
lope these debris flows probably initiated calciturbidites
that accumulated at the toe of slope (sections D6, D2, D4
and D3). Einsele (1991) described the general outline of
this process, while Blomeier and Reijmer (2002) de-
scribed a similar process for platform margin deposits
from the Jurassic in Morocco. Hemipelagic sediments
present between the debris-flow deposits enabled the
recognition of three pulses within the overall prograda-
tional trend (Scheibner et al. 2000).
Stage D: second progradational phase
The single generation patch reefs at the platform margin
south of section A5 (section K3 and south of section K2;
Fig. 4) were initiated during Stage D (late Paleocene/
57.5–56.2 Ma, NP7–8; Fig. 6c) as soon as the water depth
in these areas decreased due to infill of accommodation
space during the deposition of reef-debris deposits from
the north bringing the sediment surface into water depths
favorable for patch-reef growth. Coral branches or buds
transported to these locations probably enabled the
growth of these southern patch reefs and ultimately
resulted into a southward shift of the platform margin.
During the time the patch reefs and shallow-marine
limestones were deposited in the northern areas, sediment
was transported as slumps and debris flows on the lower
slope that now acted as a depocenter for these sediments.
In the Triassic carbonate platform of the Drrenstein
(Dolomites), slumps and debris flows occurred in the
prograding part, indicating large-scale slope failure (Bid-
dle et al. 1992; Reijmer 1998). At the toe of slope, the
deposition of calciturbidites continued. Due to the
deposition of slumps and debris flows on the lower slope,
the slope was leveled up and the former shelf break was
shifted southwards resulting in the progradation of the
carbonate platform.
Stage E: retrogradational phase
During the time spanning the lower SBZ 4 (stage E: latest
Paleocene/56.2–55.5 Ma, NP9; Fig. 6e), the patch-reef
association in sections A5 and K3b and the reef-debris
association in section K2 was superseded by mud-
dominated lithologies of the upper slope facies associa-
tion. These mud-dominated lithologies represent a land-
ward shift of the facies belts and resulted from either a
rise in sea level, a modification in tectonic activity or a
combination of both which caused platform retrograda-
tion. A similar mud-dominated interval has been de-
scribed for the retrogradational phase of the Drrenstein
carbonate platform (Reijmer 1998). The rise in relative
sea level led to the decline of the patch reefs in sections
K3 and A5. The patch-reef association probably shifted
for a short time period to a more northerly position, since
on top of the patch reefs in section A5 (20–30 m), coral
fragments still occur. As the platform margin retrograded
northwards to the area of section A5, larger foraminiferal
shoals were deposited at the position of the former coral
patch reefs and for the upper interval (30–120 m) even
fragments of corals are completely absent. Changing
environmental factors could have resulted in different
depositional regimes which in turn may be the reason why
coral patch reefs became rarer and disappeared in the late
Paleocene. During the relative sea-level rise around
56 Ma (NP9, within SBZ4), the platform progradation
terminated, which is also evidenced by a decrease in
slump and debris-flow deposits on the lower slope and by
a decrease in the amount of calciturbidites arriving at the
toe-of-slope.
This platform retrogradation was probably more relat-
ed to tectonically induced subsidence than to an eustatic
sea-level rise, since high sedimentation rates in the
northern sections A5 and K3b without contemporaneous
southward progradation suggest an increase in subsidence
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in these areas. Simultaneously, the water depth in the Bir
Dakhl area (sections D6, D8) decreased as indicated by
changing smaller benthic foraminifera associations. A
mixture of Midway and Velasco-type taxa (e.g., Speijer
1994) indicate depositional depths of about 400–500 m,
whereas benthic assemblages entirely composed of Mid-
way-type taxa indicate shallower depositional depths of
about 200 m.
The differences in subsidence can be explained by
rotational movement along a listric fault located at the
northern rim of the Southern Galala (Wadi Araba Fault;
Figs. 1, 8). This type of fault-related movement and thus
creation of reduction in accommodation space in such
half grabens, result in hangingwall subsidence (and
relative sea-level rise) synchronous with footwall uplift
and a relative sea-level fall (Bosence 1998; Bosence et al.
1998; Cross et al. 1998). The varying siliciclastic content
in all sections in the upper Paleocene suggest tectonic
uplift and subsequent erosion in the footwall sediments
lying north of the Wadi Araba Fault. Sharp et al. (2000)
and Young et al. (2002) documented a similar tectono-
sedimentary evolution from the eastern side of the Gulf of
Suez. Their three-dimensional stratigraphic structures
present in the syn-rift models agree well with the large-
scale distribution patterns found in our study.
In contrast to the symmetrical uplift during the first
progradation phase, the retrogradational phase is marked
with differential subsidence, which is evident in the
varying distribution of the individual facies belts (Fig. 7).
In section A5 the platform margin facies belt with larger
foraminiferal shoals is present, whilst in sections B2 and
B3, the lower slope facies belt with slumps and debris
flows dominates; although, during the first progradation
phase, all three sections belonged to the platform margin
facies belt.
Carbonate slope development: sea level versus tectonics
The main controls for progradation and retrogradation of
carbonate platforms are eustatic sea-level changes and
tectonic activity (Bosellini 1984; Everts 1991). Progra-
dation can take place only when the accommodation
space available on the slope has been filled (e.g., Reijmer
1998). In contrast to siliciclastic systems where most
sediments were exported during sea-level lowstands (e.g.,
Jervey 1988), in carbonate systems export occurs mostly
during sea-level highstands (Droxler and Schlager 1985
and Schlager et al. 1994).
Sediment export and the lateral growth potential of a
carbonate platform is controlled by a large number of
factors, e.g., platform/basin profile, bank-margin type,
accommodation space, sea-level variations, climate, sup-
ply of terrigenous material, as well as the duration,
magnitude and direction of physical energy (e.g., currents,
tides) on the platform and adjacent seaways (e.g., Eberli
and Ginsburg 1989; Pittet 1996; Rendle and Reijmer
2002).
The sedimentation pattern observed in the subsurface
geology of the Bahamas suggests that progradation is
controlled by production of the platform interior, which is
influenced by many factors, e.g., eustatic sea-level
changes, currents, subsidence (e.g., Wilber et al. 1990;
Eberli et al. 1997, 2001; for an overview see Schlager
1993). Two types of progradation were proposed for the
Triassic platforms in the Southern Alps (Bosellini 1989;
Masetti et al. 1991). Progradation related to redeposition
of carbonate mud and sand previously accumulated at the
platform edge during sea-level highstands, or prograda-
tion occurred during sea-level lowstands in which
subaerial exposure and increased erosion of the lithified
platform top produced enough sediments to enable the
system to prograde (Masetti et al. 1991). The progradation
of the Cassian and the Carnian platforms in the Dolomites
are seen as representative for lowstand progradation
(Bosellini 1984, 1989; Masetti et al. 1991). Sarg (1988),
however, describes the Carnian carbonate platforms as a
typical example for progradation during the late high-
stand. Reijmer (1998) showed that input from the
shallow-water realm of the Picco di Vallandro/Drren-
stein (Dolomites/Italy) platform steered the toe-of-slope
sediments to step forwards towards the basin or to retreat.
Recent studies on the Paleocene sea-level history of
Sinai (Lning et al. 1998) suggest a major sea-level drop
at the base of P4 (within NP5) and subsequent minor sea-
Fig. 8 Tectono-sedimentary evolution of the platform margin to
toe-of-slope deposits in the southern Galala. The main fault
dividing the Wadi Araba from the southern Galala is the Wadi
Araba Fault. The tectonic movements on the Northern Galala are
hypothetical. The basin facies belt is not represented because it lies
south of the toe-of-slope facies belt A Tectono-sedimentary
situation for the Danian to Selandian (65–59 Ma). Whether the
carbonate platform was completely covered with sediments remains
uncertain. B Tectono-sedimentary situation for the Thanetian
(56 Ma). Rotational block movements along the Wadi Araba Fault
resulted in local subsidence at the carbonate platform margin and
upper slope areas, and local uplift in the lower slope to toe-of-slope
settings
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level oscillations during P4. This major sea-level drop
coincides with an approximately 100-m-sea-level drop in
the curve of Haq et al. (1987). Speijer and Schmitz (1998)
also suggested a sea-level drop during lower P4 based on
studies of benthic foraminifera from Gebel Aweina (ca.
300 km to the south), matching Th1 of Hardenbol et al.
(1998). However, local tectonics can not be excluded as
an additional factor lowering relative sea level, especially
as the detached carbonate platform in the Galalas is
located on a tectonically induced high of the Syrian Arc
System (Kuss et al. 2000b). Strougo (1986) reported late
Paleocene tectonic activity in several parts of Egypt and
called it the Velascoensis event, after the planktic
foraminiferal species Morozovella velascoensis, whose
stratigraphic range is nearly coincident with the P4 and P5
Zones. One of his examples for tectonic activity was the
debris-flow deposit in the vicinity of monastery St. Paul
(Fig. 1). The interval of P4–P5 correlates with the
stratigraphic interval from NP5–NP9. Thus, the onset of
patch-reef formation and the mass-flow deposition on the
detached carbonate platform in the study area was
probably due to a combination of a large fall in eustatic
sea level within biozone NP5 (Scheibner et al. 2000) and
local tectonic uplift (Strougo 1986). This shows that
tectonic activity may dominate over normal sea-level
steered sedimentation patterns like highstand shedding
(Schlager et al. 1994), which was also documented by
Cloetingh et al. (1985) and Miall (1990).
The retrogradation phase could not be explained
exclusively by a rise in eustatic sea level because of the
high sedimentation rates of the northern sections (A5,
K3b), and the relative sea-level fall in the southern
sections (sections D6, D8). The varying siliciclastic
content in all sections also document tectonic activity in
the hinterland. The rising relative sea level at the platform
margin contrasts with the relative sea-level fall in the toe
of slope (sections D6 and D8). This contrast can be
explained by rotational block movements (Fig. 8). There-
fore tectonic activity was not only responsible for the
progradation, but also for the retrogradation of the
Paleocene carbonate platform. The initial progradation
of the Paleocene carbonate platform was due to an uplift
of the NGWA, whereas the retrogradation can be related
to fault block rotation (Fig. 8). Similar to our findings,
Schtz (1994) stated that tectonic activity and high
subsidence rates, as well as high carbonate production in
areas forming the now Wadi Araba, allowed the thick
Eocene carbonate accumulation around the high, and thus
this area serves as a well-documented case of sedimen-
tation controlled by tectonics.
Conclusions
In conclusion, it can be stated that the evolution of the
Paleocene carbonate platform margin and the variation of
the biotic content along the Southern Galala Mountains
(Egypt) is closely related to tectonic activity (varying
processes and amounts of uplift and subsidence) instead
of eustatic sea-level changes. The following five tectono-
sedimentary stages characterize the evolution of the
Paleocene carbonate platform:
– Maastrichtian (stage A) to Selandian (stage B) seabed
bottom topography controlled the initial lateral facies
distribution (stage C) across the platform–basin tran-
sect.
– The combination of a significant drop in sea level and
tectonic uplift of the Northern Galala/Wadi Araba
High initiated the late Paleocene platform progradation
(stage C) in the Selandian (59 Ma).
– During the progradation phases of the carbonate
platform (stages C and D; 59–56.2 Ma; NP5–NP8)
the following facies belts developed: coral patch reefs,
and reef debris were deposited at the platform margin,
well-bedded carbonates on the upper slope, slumps and
debris flows on the lower slope, calciturbidites at the
toe of slope and hemipelagic sediments in the basin.
– During the retrogradational phase (stage E; 56.2–
55.5 Ma; NP9), the combination of a sea-level rise and
differentiated subsidence of various parts of the
platform due to rotational block movements, not only
resulted in a change of organisms at the platform
margin from coral patch reefs to larger foraminiferal
shoals, but also in a decrease in slump and debris-flow
activity on the lower slope, and a decrease in
calciturbidite activity at the toe of slope.
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